Optimum storage conditions of cord blood-derived hematopoietic progenitor cells before isolation remain unknown. We therefore evaluated CD34 þ cells isolated from cord blood units (n ¼ 57) within 1 h after collection and following storage for 24, 48 and 72 h at either room temperature (RT) or 4 1C. Isolated CD34 þ cells were analyzed for their cell count, immunophenotype, apoptosis rate, clonogenicity and transmigration capacity in response to stromaderived factor 1a using direct-paired comparisons (n ¼ 27). CD34 þ , CD133 þ and CD45 þ positivity after isolation remained the same under all conditions. After 24 h, CD34 þ cell counts and numbers of CFU-GM colonies dropped regardless of the storage temperature. After 48 h, the number of CD34 þ cells increased compared to 24 h, if the cord blood had been stored at RT resulting in almost three times more CD34 þ cells than at 4 1C. These cells had a lower early apoptosis rate and formed four times more BFU-E than those stored at 4 1C with equivalent plating efficiencies. CD34 þ cells kept at RT for 48 h had the highest transmigration capacities, which paralleled an increased CXCR-4 expression. Cord blood should be stored at RT before CD34 þ isolation and a storage time for 48 h should be preferred to 24 h.
Introduction
Since the first cord blood transplantation in 1988, 1 multiple cord blood banks have been established worldwide, with CD34 þ cord blood-derived hematopoietic progenitor cells (HPCs) widely used for clinical and research purposes. Usually, cord blood units are stored at RT, and usage or cryopreservation within 24 h is recommended. Nevertheless, the quality of HPCs after cord blood storage has not yet been evaluated. Especially no data on the HPC's migratory capacities post storage exist.
Several studies in the past have analyzed the influence of time and temperature on whole cord blood units. [2] [3] [4] [5] [6] These studies examined the whole mononuclear cell population including monocytes and lymphocytes. Although colonyforming units (CFUs) are still present in cord blood even after 72 h, 2 cryopreservation within 24 h following delivery is recommended to guarantee an optimum output. 7 Another study demonstrated that cord blood units tolerated shipment of up to 48 h without a significant reduction of the cell number, viability or plating efficiency. 8 Quality parameters usually consist of the number of viable cells, CFU and sometimes the frequency of CD34 þ cells, [8] [9] [10] but the capacities of the isolated progenitor cells have not yet been an objective. In most experimental studies, however, CD34 þ isolated cells are utilized. Here, we present the influence of storage temperature and time on CD34 þ HPC, which were isolated from cord blood units after storage. The analyzed parameters included the number of CD34 þ progenitor cells, their immunophenotype, apoptosis rate, plating efficiencies and transmigration capacities.
Materials and methods

Cord blood units and HPCs selection
A total of 57 units of cord blood were collected after fullterm deliveries in aseptic cord blood bags (Macopharma, Langen, Germany) as described previously. 9 Informed consent was obtained from the mothers before obtaining study units as approved by the ethical review board of the Charite´. The collection bags contained 21 ml citratephosphate-dextrose at a pH of 6.670.3. Three specimens were collected in heparin-coated 50 ml tubes instead of citrate-phosphate-dextrose containing bags. No differences were observed between the two different anticoagulants as determined by cell counts, flow cytometry, transmigration and apoptosis analysis. Following collection, the cord blood units were split, isolated at baseline and stored at either 4 1C or RT for 24, 48 or 72 h. In cases when the volume of cord blood exceeded 80 ml (n ¼ 27), multiple parameters were determined at consecutive time points for direct-paired comparisons. After storage, cord blood units were diluted 1:2 with magnesium and calciumfree phosphate-buffered saline (pH 7.4, cold or RT warm) and the mononuclear cell fraction was isolated by Ficoll (Biochrom, Berlin, Germany) followed by two wash steps. The number of viable mononuclear cells (MNCs) was determined by a hemocytometer after Trypan blue exclusion. CD34 þ HPCs were immunomagnetically selected as described previously.
11 Baseline values represent results from CD34 þ cells isolated from cord blood immediately after harvest (ficolled within 1 h).
Cell analysis
Cell count, viability and apoptosis rates of the cells were determined by a hemocytometer and staining with annexin and propidium iodide. Viable cells were determined by Trypan blue exclusion in all samples. Apoptosis rates and surface molecules were analyzed in 15 specimens by flow cytometry as described previously 12 applying the following antibodies: anti-human CD34-FITC (BD Pharmingen, San Diego, CA, USA), CD133-PE (Miltenyi Biotech, BergischGladbach, Germany), CD45-FITC (Pharmingen) and CD184 (anti-CXCR-4, Pharmingen). Flow cytometry was performed using a FACScan (Becton Dickinson, Heidelberg, Germany).
Clonogenic assays
To determine plating efficiencies, 1 Â 10 3 CD34 þ HPCs were plated in 1 ml of methylcellulose (Stem cell Technologies, Vancouver, BC, Canada) resuspended with 30% fetal bovine serum. Cytokine supplements consisted of 20 ng/ml c-kit ligand (stem cell factor, Peprotech, Rocky Hill, NJ, USA), 20 ng/ml interleukin-3, 6 U/ml erythropoietin (Roche, Hertfordshire, GB, UK) and 100 ng/ml granulocyte-macrophage (GM) colony-stimulating factor (Peprotech). After 2 weeks in culture, the number of hematopoietic colonies was counted and the plating efficiencies were calculated. 11 Total number of colonies represent the number of counted colonies per 1000 plated CD34 þ cells multiplied with the total number of CD34 þ cells divided by 1000. This represents the number of colonies that would be obtained if all isolated cells were plated. In direct-paired comparisons, all obtained values were divided by baseline results and are demonstrated as percentages of these.
Transmigration capacity
Transmigration capacities were measured as published previously. 13 Briefly, 10 5 CD34 þ cells were placed upon a 3 mm transmembrane (Corning Costar Inc., New York, NY, USA) over a stromal derived factor-1a (SDF-1a) chemotactic gradient (100 ng/ml, Peprotech) in serum-free medium (QBSF-60, Quality Biological, Gaithersburg, MD, USA) and incubated for 4 h at 37 1C. As a negative control, the migratory response to 0.1% bovine serum albumin diluted in calcium-and magnesium-free phosphatebuffered saline (pH 7.4) was determined.
Statistical analysis
Student's t-tests for paired samples, calculation of means, standard errors and P-values were performed using Microsoft Excel 2000, Version 9.0. P-values below 0.05 were termed as significant, and below 0.001 as highly significant.
Results
Absolute number of mononuclear and CD34 þ cells Following immunomagnetic isolation, more than 93% of the cells were CD34 þ independent of storage time and temperature. After 24 h, MNCs at both storage conditions were not significantly lower than at baseline (Table 1) , but already more CD34 þ cells were present in samples stored at RT (P ¼ 0.02). After 48 h, significantly more MNCs (P ¼ 0.008) and CD34 þ cells (P ¼ 0.04) were present in those samples stored at RT than in those units stored at 4 1C. Storage at 4 1C led to significantly fewer CD34 þ cells than at baseline (24 h: Po0.001; 48 h: P ¼ 0.0017; 72 h: P ¼ 0.02). In contrast, only samples stored at RT for 24 h had lower CD34 þ cell counts than at baseline, whereas CD34 þ cell numbers after 48 and 72 h were closer to those at baseline.
Colony formation
Cord blood CD34 þ cells stored at RT formed significantly more burst-forming units erythroid colonies than those stored at 4 1C after 48 and 72 h (Po0.05, Table 2 ). At RT and 24 or 48 h, CD34 þ cells formed the same numbers of burst-forming units erythroid as at baseline, whereas storage at 4 1C significantly reduced the numbers of burst-forming units erythroid. The numbers of CFU-GM were significantly lower in samples stored for 24 h than at baseline and after 72 h of storage (Po0.02) regardless of the storage temperature. Storage at 4 1C for 24 h led to nonsignificantly higher CFU-GM values than storage at RT (P ¼ 0.18). In samples stored at RT, the re-increase of CFU-GM after 48 h of storage compared to 24 h was significant (P ¼ 0.001) leading to equivalent values as at baseline and in cells stored at 4 1C. Plating efficiencies were highest, if the samples had been stored for 48 h and were significantly reduced after 72 h of storage (compared to baseline: Po0.05). No temperature-associated differences of the plating efficiencies were discerned. 
Apoptosis rate
The frequency of annexin þ PI _ cells was always lower at RT than at 4 1C (Table 3) . No differences were found between baseline and following 24 and 48 h of storage, if the samples had been stored at RT (P40.05). In contrast, storage at 4 1C significantly increased the percentage of cells in early apoptosis (P ¼ 0.025).
SDF-1a chemotaxis
Approximately one-fifth of freshly isolated CD34 þ cells responded to SDF-1a (Table 3 ). Storage for 24 h did not influence the transmigration capacity. Following 48 h of storage at RT, however, twice the transmigration when compared to baseline (P ¼ 0.04) was observed. In contrast, the chemotactic response was reduced to less than 50% of the baseline value when the samples had been stored at 4 1C instead (P ¼ 0.01). After 72 h, the migration capacities were much reduced compared to baseline and not statistically different between 4 1C and RT.
Direct-paired comparison MNC and CD34 þ cell counts. Since the comparison of absolute values reflected a high inter-unit variation, cell counts were compared to their baseline results (equals 100%) and are presented as percentages of these. There was no temperature-associated difference between MNC counts at 24 h (P ¼ 0.1, Figure 1 ), but significantly more CD34 þ cells were present in samples stored at RT (38.877.9 versus 22.175.9%, P ¼ 0.009). After 48 h at RT, the MNC counts increased and were even twice as high as at baseline on three occasions resulting in three times more MNC than after storage at 4 1C (106.7724.4 versus 31.5712.7%, P ¼ 0.005). This led to twice as many CD34 þ cells as after storage at 4 1C (76722.8 versus 42.1717.3%, P ¼ 0.035) and to comparable isolation results as at baseline (P ¼ 0.26). In contrast, significantly fewer CD34 þ cells were isolated in samples stored for 24 or 72 h at RT than at baseline (Po0.001). If the cord blood had been stored at 4 1C, isolated CD34 þ cell numbers at all time points were significantly lower than at baseline (Po0.0015).
Clonogenicity. Comparing each storage result to its baseline value, the number of BFU-E were significantly higher in samples stored at RT than in those stored at 4 1C found between results from the direct-paired comparison and the absolute analysis. Plating efficiencies of RT stored cells increased after 48 h of storage and became equivalent to those of freshly isolated HPCs (P ¼ 0.08), whereas those after 24 and 72 h were significantly lower than at baseline (Po0.01). After 48 h the decrease of CFU-GM in samples kept at RT reversed leading to equal CFU-GM numbers at both temperature conditions (4 1C: 88.1729.9% and RT: 95.2721.7%, P ¼ 0.85), which were equivalent to those at baseline (P40.65).
Transmigration. Direct-paired comparisons showed similar time-and temperature-dependent differences in the cells' migratory capacities as those in the absolute analysis (Figure 2a) . Migratory responses to the negative control were higher in cells stored at RT but were always significantly lower than their response to SDF-1a (Po0.05). In view of the discrepancy between the transmigration capacities of samples stored for 48 h, HPCs were tested for the presence of CXCR-4, the receptor for SDF-1. As a confirmation of the migratory results, we found a significantly higher percentage of CXCR-4 expressing CD34 þ cells in those samples stored at RT than in those stored at 4 1C (RT: 73.7712.1 versus 4 1C: 49.5.2715.6%, P ¼ 0.011; baseline: 59.1719.6%, Figure 2b ).
Discussion
To our knowledge, this is the first study presenting the influence of storage time and temperature of cord blood units on the isolated CD34 þ cell population. Not only was a higher number of CD34 þ cells found in samples stored at RT, but these cells were also superior in their erythroid colony-forming and transmigration capacities compared with cells stored at 4 1C.
The number of MNCs dropped after 24 h of storage, whereas the number of CD34 þ cells remained constant and even increased, respectively, when the cells were kept at RT for 48 h, and decreased when stored at 4 1C. An explanation for the decrease and re-increase of MNCs could be that after 24 h mainly lymphocytes and monocytes disappeared, while after 48 h more HPCs were present. One reason for their increase could be that particularly at RT, CD34 þ cells produced antiapoptotic factors in combination with cytokines promoting cell maintenance in an autocrine/paracrine fashion.
14 Moreover, mesenchymal stem cells present in cord blood could also account for a reduced apoptosis or increased proliferation of CD34 þ cells. 15 The idea of antiapoptotic factors in samples stored at RT is also supported by the apoptosis analysis and clonogenicity data: storage at RT did not increase the apoptosis rate, while after 24 h at 4 1C more cells stained positive for annexin, a marker for early apoptosis. 11 The apoptosis rate decreased with storage time indicating that early apoptotic cells probably died off within 24 h and were removed by Ficoll the following day. This could also explain the reincrease of CFU-GM from 24 to 48 h of storage, as apoptosing cells were not plated. To exclude an increased proliferative activity induced by RT, we tested thymidine uptake of isolated CD34 þ cells pre-and post-storage after 24 and 48 h. In general, cells stored at 4 1C incorporated twice as much thymidine as those stored at RT. This indicates that storage at RT did not induce a malignant transformation of the CD34 þ cells.
In concordance with others 2,10 the clonogenic assays demonstrated that fewer CFU-GM colonies formed after 72 h of storage. Yet, unlike these studies, we did not observe a continuous decrease of CFU-GM from day 0 to 3, but rather a re-increase in CFU-GM after 48 h, which was more prominent in samples stored at RT. This could indicate the presence of granulocytic survival factors. In addition, clonogenicity tests of previous studies are based on whole mononuclear cell fractions, while the experiments presented here were performed with HPCs isolated after storage. Using isolated progenitor cells, we excluded possible influences of other blood cells like platelets, monocytes, lymphocytes or dying cells, whose cytokines could interfere with colony formation.
Regarding the clonogenic capacities of stored cells, RT significantly supported the development of erythroid progenitors. Here, an increased secretion of or an enhanced cell affinity for stem cell factor, interleukin 3 or transforming growth factor-b 16 could be the reason. Differences between the overall analysis and the direct-paired comparison were only found in CFU-GM results. While the overall analysis showed no significant difference in the number of CFU-GM between RT and 4 1C after 24 h of storage, the direct-paired comparison indicated that more CFU-GM were formed in CD34 þ cells stored at 4 1C than in those stored at RT at this time point. However, this difference disappeared when the storage time was further extended.
The most striking difference between different storage temperatures was found in the transmigration capacities of HPCs in response to SDF-1a. The interaction of CXCR-4 and its ligand SDF-1 is decisive for the homing of transfused HPCs to and their evasion from the bone marrow. 17, 18 It also triggers the migration of HPC to the infarcted heart muscle 19 or damaged liver. 20 Therefore, the cells' migratory response to SDF-1 is another crucial characteristic. While the transmigration capacities after 24 h were almost equal, following 48 h of storage, fivefold more CD34 þ cells stored at RT responded than those kept at 4 1C, which was twice the cells of fresh cord blood. This stands in line with previous results from G-CSF mobilized, peripheral blood HPCs, whose chemotactic response increased after overnight storage at 37 1C. 21 We therefore analyzed the cellular receptor for SDF-1, that is the expression of CXCR-4 at different storage temperatures, and found that CXCR-4 expression was significantly higher in cord blood CD34 þ cells stored at RT than at 4 1C (approximately 75 versus 50%), and 15% higher than at baseline. This can only partly explain the differences in SDF-1 chemoattraction. Further reasons could be that storing cord blood units at RT also increases ligand affinity to the transmembrane CXC receptor, enhances the intracellular, G-protein-dependent signaling cascade or supports directional F-actin polymerization. 13 Extended storage at RT increases the risk of bacterial contamination, which certainly opposes a prolongation of the storage time. Nevertheless, higher contamination rates in the samples stored at RT for 48 h were not seen in our experiments. These should have become apparent in the clonogenicity assays, in which the isolated HPCs were cultured for two weeks in the absence of antibiotics.
Our results suggest that cord blood HPCs should be either applied within 1 h post collection or stored for 48 h at RT before usage. This could be of clinical importance in cases where a close relative is already waiting for the cord blood unit for transplantation. Cell numbers, apoptosis rates, transmigration and proliferative capacity speak against a storage at 4 1C. Whether this is also true for cells cryopreserved after storage and whether these in vitro phenomena might be reverted soon after in vivo administration remains to be examined. Further studies on the HPCs reconstitutive potential determined in non-obese/ severe combined immunodeficient mice and applications within the clinical setting will allow a final conclusion on the optimum storage conditions for cord blood units.
